Natural and Experimental Scrapie in Sheep TSE diseases include kuru, which was spread by ritual Scrapie has been recognized as a disease in sheep for cannibalism in New Guinea tribesmen, CJD, which is over 2 centuries, and was the first TSE disease to be spread by transplantation or inoculation with brain tisshown as experimentally transmissible. Thus, sheep sues or extracts from unsuspected CJD patients, and scrapie provides an unusual opportunity to compare variant CJD (vCJD), which is apparently due to infection natural and experimental TSE disease processes. Alof humans with the agent of BSE. though in animals there are no known genetic cases of Prion Protein (PrP) TSE disease comparable to those seen in humans, allelic Besides transmissibility, the other hallmark of TSE disvariations in the sheep PrP sequence do occur, and eases is the presence of abnormal protease-resistant variation at several residues in the PrP sequence influPrP (PrP-res, also known as PrP Sc ), detectable by immuences susceptibility to both natural and experimental noblot or immunohistochemistry in the brains of afflicted scrapie infection. The mechanism of these effects is individuals. PrP-res is believed to be responsible for the not known, but these data show clearly that PrP is an pathogenic effects in the TSE diseases, either by direct important susceptibility factor for TSE diseases. A simitoxicity or indirect effects due to interactions with the lar effect may also occur in humans, where variation at normal PrP expressed on many brain cells. PrP-res is PrP codon 129 does not induce a familial TSE disease generated posttranslationally by an unknown mechabut instead appears to influence susceptibility to sponism from normal protease-sensitive PrP (PrP-sen, also radic CJD. known as PrP C ), which is expressed as a GPI-linked cell Although the infectious nature of sheep scrapie has been long recognized, the mode of transmission within a flock is not clear. Direct physical contact between * E-mail: bchesebro@nih.gov.
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), detectable by immuences susceptibility to both natural and experimental noblot or immunohistochemistry in the brains of afflicted scrapie infection. The mechanism of these effects is individuals. PrP-res is believed to be responsible for the not known, but these data show clearly that PrP is an pathogenic effects in the TSE diseases, either by direct important susceptibility factor for TSE diseases. A simitoxicity or indirect effects due to interactions with the lar effect may also occur in humans, where variation at normal PrP expressed on many brain cells. PrP-res is PrP codon 129 does not induce a familial TSE disease generated posttranslationally by an unknown mechabut instead appears to influence susceptibility to sponism from normal protease-sensitive PrP (PrP-sen, also radic CJD. known as PrP C ), which is expressed as a GPI-linked cell Although the infectious nature of sheep scrapie has been long recognized, the mode of transmission within a flock is not clear. produced in the brain to have a pathogenic effect. Inactivation studies by irradiation, heat, and chemithe human counterparts of these models. Furthermore, the transmissibility of the diseases produced in these cals have led to conflicting conclusions regarding the uniqueness of TSE infectivity. Using heat or hypochlomouse models remains questionable. For the octarepeat mutant, there is no transmission data yet available rite, the majority of infectivity actually shows a kinetics of inactivation and a small resistant fraction (0.1%-0.01%) (Chiesa et al., 1998). For the Leu-102 mutant, the disease cannot be transmitted to normal PrP (Pro-102) mice but that is similar to known viral examples, such as bacteriophage fd (Rohwer, 1991). This minor resistant fraction can be transmitted to transgenic mice expressing Leu-102 PrP at levels too low to induce disease spontaneshould not be used to infer unique properties in the majority of the infectivity.
Routes of Neuroinvasion

ously (Hsiao et al., 1994). This result has been interpreted by the authors as evidence for transmission, but it clearly
The spectrum for inactivation of scrapie infectivity by UV irradiation suggested that the critical target was does not mimic the transmission of known TSE diseases including the human familial Leu-102 PrP disease, which neither protein nor nucleic acid, but instead appeared to be lipidic in nature (Alper et al., 1978). However, in past is in fact transmissible to monkeys and mice expressing only Pro-102 PrP. Thus, in this mouse model the brain virological experiments using nonpenetrating radiation such as UV, shielding of the critical target molecule of disease induced lacks the two critical hallmarks of TSE disease, PrP-res and transmissibility, and may in fact the infectious agent by other molecules in the mixture or attached to the agent has been known to influence be a disease due to overexpression of a mutant protein rather than a true TSE disease. the results. In fact, the unusual inactivation spectrum for scrapie was similar to intact tobacco mosaic virus, To avoid artifacts due to abnormal transgene copy number and abnormal integration sites, PrP with the a well-characterized RNA virus, whereas the isolated RNA from this virus had peak inactivation at a wavePro-102-Leu mutation has been recently substituted for the normal mouse PrP gene by homologous relength predicted for a typical nucleic acid. Thus, in view of these issues and the difficulty in purification of the combination (Manson et al., 1999) . In contrast to the previous transgenic mice, such recombinant mice fail scrapie agent, UV studies may not provide definitive information as to the nature of the scrapie infectivity. to develop spontaneous CNS disease. However, they do have an increased susceptibility to infection by a Scrapie infectivity has also been studied using more penetrating radiation like X rays, where shielding or human GSS isolate. These results suggest that mutant Pro-102-Leu PrP may be an important susceptibility facblocking of the radiation is not an issue. Many experiments have resulted in similar inactivation rate contor rather than a direct cause of GSS. TSE Strains stants; however, different groups have varied markedly in their interpretation of these results (Rohwer, 1991). The existence of biologically different scrapie strains in inbred animals with a single type of PrP gene remains Using target theory calculations, some workers have concluded that the maximum genome size would be an interesting enigma. Disease induced by scrapie strains can differ in the clinical symptoms produced, the very small. In contrast, others making empirical comparisons to viruses with known genomes have arrived at regions of brain affected, and the incubation period prior to clinical onset. These differences might be explained a genome size consistent with a small (2-4 kb) virus. However, both of these interpretations might underestiby mutations in a nucleic acid genome if the infectious agent is a virus, but no genomes have yet been identimate the genome size if the TSE agent had a means of repairing damaged nucleic acid during replication. Such fied. In contrast, the existence of strains is difficult to explain if the infectious agent is a protein. However, a situation occurs with retroviruses, like HIV, in which the two RNA genomes in each particle can be partially structural variations in PrP-res might "encode" strainspecific properties, and recent data suggest that PrPdamaged and then repaired during reverse transcription, thus giving a higher resistance to x-irradiation than that res structures might be capable of conferring such properties on newly formed PrP-res in a template-like predicted by genome size alone. These data are only indirect evidence that may be fashion.
Biophysical Inactivation and the Viral Hypothesis
consistent with the viral hypothesis. In spite of many efforts, there are still no data supporting any candidate In the past decade, there has been a massive increase in knowledge concerning many aspects of the TSE disviruses. Furthermore, although small nucleic acid molecules have been found in purified infectious scrapie eases largely due to the discovery of PrP. Nevertheless, there continues to be a paucity of information concernsamples, efforts to identify an intact nucleic acid molecule of potential genome size have met with failure. ing the structure and composition of the infectious agent. Early ultrafiltration studies suggested that the Therefore, if such a genome exists, it would have to be capable of regeneration from small fragments by a copy infectious particle was small and might be a virus. However, the infectivity showed a strong resistance to choice mechanism during transcription as described noteworthy has been the identification of PrP as a factor However, at present this possibility remains speculative in disease susceptibility, the species barrier, and many as applied to TSE diseases in the absence of additional aspects of disease pathogenesis. Further understandsupportive data using actual candidate viruses.
ing of the structure of PrP-res and of amyloids in similar The Protein-Only Hypothesis diseases, such as Alzheimer's disease, may provide Although the discovery of PrP has led to a vast increase clues as to the differences and similarities among these in knowledge concerning the role of PrP in susceptibility protein folding diseases. The problem of the nature of and pathogenesis of TSE diseases, the question of the TSE agents remains an enigma. Proof of the proteinwhether PrP-res is an integral component of the infeconly hypothesis may require generation of biologically tious agent remains unresolved. The most important active transmissible agent in a cell-free environment evidence supporting this concept is the finding that PrP where a virus cannot replicate. Conversely, proof of a is the predominant macromolecule found in fractions of viral etiology will require identification and isolation of purified infectious agent. However, two caveats persist a candidate virus. Future efforts should not neglect this regarding this matter. First, because of the presence of fascinating and important area. aggregated PrP, the agent is difficult to purify, and the best fractions still contain detectable nucleic acid mole-
